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Abstract
Studies of lipid interactions with membranous Na,K-ATPase by using electron spin resonance spectroscopy in conjunction with
spin-labelled lipids are reviewed. The lipid stoichiometry, selectivity and exchange dynamics at the lipid–protein interface can be
determined, in addition to information on the configuration and rotational dynamics of the protein-associated lipid chains. These
parameters, particularly the stoichiometry and selectivity, are related directly to the intramembranous structure of the Na,K-ATPase,
and can be used to check the integrity of extensively trypsinised preparations.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
Electron spin resonance (ESR) of spin-labelled lipids
is uniquely useful in studying interactions with inte-
∗ Corresponding author. Tel.: +45 8942 2930; fax: +45 8612 9599.
E-mail address: me@biophys.au.dk (M. Esmann).
gral membrane proteins, and with the Na,K-ATPase
(EC 3.6.3.9) in particular (Marsh and Watts, 1982;
Marsh, 1985; Marsh and Horva´th, 1989). The dynamic
sensitivity of spin labelling is such that, even if the
lipids at the intramembranous surface of the protein
exchange at rates comparable to those in fluid lipid
bilayers, they can be distinguished spectrally from
the bulk fluid lipids (see Fig. 1). Thus, it is possi-
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Fig. 1. Resolution of fluid and motionally restricted components in
the ESR spectrum of C-14 spin-labelled stearic acid (14-SASL) in
Na,K-ATPase membranes from Squalus acanthias. (a) 14-SASL in
native membranes; (b) 14-SASL in bilayers of extracted lipids; (c) fluid
difference spectrum obtained by subtracting a motionally restricted
spectrum (dimyristoyl phosphatidylcholine vesicles in the gel phase)
from (a); (d) motionally restricted difference spectrum obtained by
subtracting (b) from (a). Relative intensities of the difference spectra
are indicated on the figure. Scan width = 10 mT; T = 0 ◦C. Data from
Marsh et al. (1982).
ble to quantitate both the stoichiometry and the selec-
tivity of interaction of different spin-labelled lipids
with the Na,K-ATPase, and to study the dynamics of
the protein-associated lipids (Marsh, 1985; Marsh and
Watts, 1982).
The number of lipid association sites is determined
by the intramembranous perimeter of the protein and
therefore is related directly to the secondary structure
and state of assembly of the transmembrane domains
(Marsh, 1993). The selectivity of interaction with nega-
tively charged lipids is determined, at least in part, by the
presence of basic amino acid side chains in the vicinity of
the phospholipid headgroups, again a structurally related
parameter (Marsh, 1988). These parameters therefore
constrain structural models of the protein, and can be
used to check the structural integrity of preparations
that have been proteolytically tailored (Esmann et al.,
1994).
2. Lipid–protein association determined by
spin-labelled lipid probes
The exchange equilibrium for a spin-labelled lipid,
L*, interacting with a membrane protein, P, in a back-
ground of unlabelled lipid, L, can be depicted as:
LNb P + L∗ ↔ LNb−1L∗P + L
where Nb is the number of lipid association sites on the
protein. In an ESR experiment, the spin-labelled lipid is
present at probe concentrations of ≤1 mol% relative to
membrane lipid. The relative lipid association constant,




[LP] · [L∗] (1)
For multiple association sites, the fraction, f, of spin-
labelled lipid associated with the protein is given by
(Marsh, 1985; Brotherus et al., 1981):
1 − f
f
= nt/(Nb − 1)
Kr
(2)
where nt is the total lipid/protein ratio in the membrane.
Hence, both the stoichiometry (Nb) and selectivity (Kr) of
interaction of spin-labelled lipids with the Na,K-ATPase
may be obtained by quantitating the two-component ESR
spectra, using spectral subtraction techniques (cf. Fig. 1).
The spin-label probes that are routinely used to
provide the spectral resolution necessary for study-
ing lipid–protein interactions bear a DOXYL nitrox-
ide on the C-14 atom of the lipid chain. However, it
is worthwhile to note that a series of different fatty
acids, in which the PROXYL nitroxide is incorporated
within the backbone of the hydrocarbon chain, also
evidence the two-component ESR spectra characteris-
tic of lipid–protein interactions with the Na,K-ATPase
(Esmann et al., 1988a). These spin labels belong to the
class of minimal perturbation probes, and indicate that
specific motional restriction of first-shell lipids associ-
ated with Na,K-ATPase is detected irrespective of the
nature of the spin-label group.
3. Stoichiometry of lipid–protein interaction
The numbers of motionally restricted lipids per Na,K-
ATPase  protomer determined by spin-label ESR are
given in Table 1. The values are obtained either by
lipid–protein titration with reconstituted Na,K-ATPase,
or by using a non-selective spin-labelled phospholipid
(viz., phosphatidylcholine, for which Kr ≈ 1) in purified
native membranes. Values are also included for prepara-
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Table 1
Stoichiometries, Nb, of motionally restricted lipids associated with
Na,K-ATPase and Ca-ATPase
Protein Nb (mol/mol) Reference
Na,K-ATPase, kidney 31.5 ± 1.5 Brotherus et al. (1981)
Na,K-ATPase, shark 33 ± 3 Esmann et al. (1985)
30–33 Esmann et al. (1988b)
Na,K-ATPase, shark,
trypsinised
30 ± 3 Arora et al. (1998)
Ca-ATPase 22 ± 2 Silvius et al. (1984)
24 ± 5 Thomas et al. (1982)
All values are given per protein monomer.
tions in which the bulk of the extramembranous sector
of the Na,K-ATPase has been removed by extensive
trypsinisation.
The stoichiometry of first-shell lipids is determined
by the intramembranous structure and assembly of
the Na,K-ATPase. For a simple arrangement as in an
-helical sandwich, the number of lipid sites at the
intramembranous perimeter is related directly to the










whereD is the helix diameter anddch is the diameter of a
lipid chain. For Na,K-ATPase (i.e., n = 11), Eq. (3) pre-
dicts that Nb = 33, in reasonable accord with values from
experiment. This agreement may be to some extent fortu-
itous, because it assumes a monomeric protein, whereas
some intramembranous surface likely would be inacces-
sible in a dimer. In addition, the related Ca-ATPase has
10 transmembrane helices, yet its lipid stoichiometry
(Nb = 22) is considerably smaller than predicted from
Eq. (3) (Nb = 31). For whatever the reason, there are
therefore considerable differences in lipid–protein inter-
actions with these two P-type ATPases.
4. Lipid–protein selectivity
Fig. 2 shows the ESR spectra from different spin-
labelled lipid species interacting with the Na,K-ATPase
Fig. 2. ESR spectra from sn-2 C-14 spin-labelled phospholipids in
Na,K-ATPase membranes from Squalus acanthias. (a) Ptd2Gro, 14-
CLSL; (b) PtdSer, 14-PSSL; (c) Ptd, 14-PASL; (d) PtdGro, 14-PGSL;
(e) PtdCho, 14-PCSL; (f) PtdEtn, 14-PESL. Scan range = 10 mT;
T = 4 ◦C (Esmann et al., 1985).
the same negative charge do not necessarily display the
same selectivity. Of the phospholipids tested, cardiolipin
exhibits highest selectivity for the Na,K-ATPase, and
phosphatidylserine has the same degree of selectivity as
does phosphatidic acid. The selectivity of stearic acid
is similar to that of these latter two lipids. Not surpris-
ingly, this pattern of selectivity for the various negatively
charged lipids differs from that for other integral proteins
(cf. Marsh and Horva´th, 1998).
The sialic acid-bearing glycosphingolipids, exem-
plified by spin-labelled analogues of the gangliosides
GM1, GM2 and GM3, exhibit no selectivity of interac-
tion with the Na,K-ATPase, relative to phosphatidyl-
choline (Esmann et al., 1988c). Only the disialoganglio-
side analogue, GD1b, displays a slight selectivity (see
Table 2). Correspondingly, sphingomyelin, which is the
sphingolipid analogue of phosphatidylcholine, displays
no selectivity relative to the latter glycerolipid (Marsh,in purified membranes from shark salt gland. The selec-
tivity of lipid association increases from the bottom to
the top spectrum, as seen from the intensity of the peaks
in the outer wings of the spectrum that arise from the
motionally restricted lipid population (cf. Fig. 1).
The association constants of the different spin-
labelled lipid species, relative to that for phosphatidyl-
choline, are given in Table 2. Greatest specificity of
interaction is found for anionic lipids, but those with
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Table 2
Relative association constants (Kr/KPCr ) for the interaction of spin-labelled phospholipids and gangliosides with membranous Na,K-ATPase from
Squalus acanthias
Phospholipida Kr/KPCr G−GPC (kJ/mol) Ganglioside, etc.b Kr/KPCr G−GPC (kJ/mol)
Ptd2Gro 3.8 −3.0 GD1b 1.2 −0.5
Ptd 1.5 −0.9 GM1 1.1 −0.1
PtdSer 1.7 −1.2 GM2 1.0 0.0
PtdGro 0.9 +0.2 GM3 0.9 0.1
PtdEtn 0.9 +0.2 St 1.7 −1.2
PtdCho 1.0 0.0 ASL 0.8 0.5
Data from Esmann et al. (1985, 1988c). All values are referred to spin-labelled phosphatidylcholine; G−GPC is the free energy of interaction,
relative to phosphatidylcholine.
a Ptd2Gro, cardiolipin; Ptd, phosphatidic acid; PtdSer, phosphatidylserine; PtdGro, phosphatidylglycerol; PtdEtn, phosphatidylethanolamine;
PtdCho, phosphatidylcholine.
b St, stearic acid; ASL, androstanol.
1987). Also, the spin-labelled sterol, ASL, which is an
androstanol derivative, associates with the Na,K-ATPase
but does not display a selectivity greater than that for
phosphatidylcholine (see Table 2).
Spin-label ESR experiments are also able to pro-
vide information on the origin of the specificity of lipid
interaction with the Na,K-ATPase (Horva´th et al., 1990;
Esmann and Marsh, 1985; Powell et al., 1987). These
include investigation of both pH and ionic strength
dependences, as well as chemical modification of the
lipids.
4.1. Dependence on ionic strength
Fig. 3 shows the ionic screening of the selectivity









Whereas the selectivity for stearic acid and for phos-
phatidic acid decreases with increasing salt concentra-
tion, that for phosphatidylserine is insensitive to salt.
Clearly none of the selectivity of phosphatidylserine,
relative to that of phosphatidylcholine, is of a simple
coulombic origin. Also, high salt concentration does not
screen entirely the selectivity of phosphatidic acid rel-
ative to phosphatidylcholine, which it does for stearic
acid.
The ionic strength dependence of the lipid selectivity
shown in Fig. 3 is described, at least qualitatively, by
Debye–Hu¨ckel theory. The relative association constant







where K0r is the relative association constant in the
absence of ionic screening, and γL∗ , γP and γL∗P are
the activity coefficients of the spin-labelled lipid, protein
and lipid–protein complex, respectively (Marsh, 1985).
The activity coefficients at ionic strength I are given by





1 + κaj (5)
where Zj is the charge on species j, aj the inter-
action distance of species j with counterions and
κ = (2000 NAe2I/ε0εkT)1/2 is the inverse Debye screen-
ing length. The relative association constants, K0r , andig. 3. Ionic strength (I) dependence of the relative association con-
tants (Kr) for spin-labelled phosphatidic acid (squares), stearic acid
circles) and phosphatidylserine (triangles), with Na,K-ATPase. The
alues are normalised to the relative association constant (KPCr )
or spin-labelled phosphatidylcholine. Solid lines are predictions of
qs. (4) and (5) from Debye–Hu¨ckel theory, with ZL = −1, ZP = +1,
P = 3.5 nm and the parameters given in Table 3. Data from Esmann
nd Marsh (1985).parameters obtained from fitting the ionic strength
dependence of selectivity for anionic lipids are given in
Table 3. The ionic screening of the selectivity for stearic
acid is described adequately, with reasonable values for
the parameters, suggesting that this selectivity is of sim-
ple electrostatic origin. Again, however, it is found that
the limited screening for phosphatidic acid does not cor-
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Table 3
Relative association constants, K0r /Kr(PtdCho), in the absence of salt, and effective ionic interaction distances, aL, deduced from the ionic strength
dependence of the selectivity for interaction of spin-labelled lipids with Na,K-ATPase, according to Eqs. (4) and (5)
Lipida K0r /Kr(PtdCho) aL (nm) G−GPC (kJ/mol)b
Ptd 2.3 1.0 −1.9
PtdSer 1.5 c −1.0
St 2.7 0.22 −2.3
Relative association constants are referred to that for phosphatidylcholine, Kr (PtdCho). Data from Esmann and Marsh (1985).
a Ptd, phosphatidic acid; PtdSer, phosphatidylserine; St, stearic acid.
b Free energy of interaction in the absence of ionic screening, relative to phosphatidylcholine.
c No ionic strength dependence was found for PtdSer.
respond very well to the simple coulombic model (and
completely not for phosphatidylserine).
4.2. Dependence on pH
Fig. 4 shows that the selectivity of stearic acid and
phosphatidic acid for interaction with the Na,K-ATPase
depends on pH, with a conventional titration according
to the Henderson–Hasselbach equation (Marsh, 1995).
The relative association constants of the protonated lipid,
Kr(L*H), and of the ionised lipid, Kr(L*), and also the
pKas at the lipid–protein interface, pKLPa , are given in
Table 4. Protonation of the lipid polar headgroup of
stearic acid and phosphatidic acid gives rise to a decrease
in relative association constant. Phosphatidylserine, on
the other hand, does not titrate in the pH range of
the experiment. In the singly protonated states, neither
stearic acid nor phosphatidic acid has a greater selectiv-
ity for the Na,K-ATPase than does phosphatidylcholine.
In the case of phosphatidic acid, the effect of pH titra-
tion is greater than that of electrostatic screening, which
suggests an additional contribution to the selectivity of
interaction of this lipid with the Na,K-ATPase. This most
probably comes from hydrational contributions that are
reduced on protonation of the lipid, in analogy with the
effects of headgroup protonation on lipid bilayer chain-
melting phase transitions (Cevc et al., 1980, 1981; Cevc
and Marsh, 1987).
From the cyclic nature of the coupled equilibria
for protonation and lipid–protein interaction, the shift
in lipid pKa at the lipid–protein interface is given by
(Marsh, 1988, 1995):






where pKLa is the pKa in the bulk membrane lipid envi-
ronment. The shift in pKa of phosphatidic acid at theFig. 4. pH dependence of the fraction (f) of spin-labelled phosphatidic
acid (squares), stearic acid (circles) and phosphatidylserine (triangles),
associated with Na,K-ATPase. The corresponding values for spin-
labelled phosphatidylcholine (diamonds) are also given. Solid lines
are fits of a standard pH titration, yielding the parameters given in
Table 4. Data from Esmann and Marsh (1985).lipid–protein interface is in qualitative accordance with
Eq. (6), but stearic acid displays a large shift, in the oppo-
site direction to that predicted for stabilisation of the
dissociated acid. In the latter case, some other interac-
tion must outweigh the stabilisation of the ionised form
of the fatty acid by the protein. The most likely candidate
is a change in polarity associated with a shift in vertical
location of the fatty acid on protonation (Rama Krishna
and Marsh, 1990; Miyazaki et al., 1992).
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Table 4
Relative association constants, Kr(L*H) and Kr(L*), of the protonated and ionised forms (L*H and L*, respectively) of spin-labelled lipids interacting
with Na,K-ATPase, and the pKas of the lipids, pKLPa and pKLa , at the lipid–protein interface (see Fig. 4) and in bilayers, respectively
Lipida Kr(L*H)/Kr(PtdCho) Kr(L*)/Kr(PtdCho) pKLPa pKLa
Ptd 0.7 1.9 6.6 7.4b
PtdSer 1.6 – >9.2 –
St 1.0 2.8 8.0 6.6
Relative association constants are referred to that for phosphatidylcholine, Kr(PtdCho). Data from Esmann and Marsh (1985).
a Ptd, phosphatidic acid; PtdSer, phosphatidylserine; St, stearic acid.
b Determined in dimyristoyl phosphatidylcholine (Horva´th et al., 1988).
Table 5
Association constants relative to spin-labelled phosphatidylcholine, Kr/KPCr , for spin-labelled lipids interacting with control Na,K-ATPase mem-
branes and membranes trypsinised in the presence of Rb+ (Rb-tryp.) or of Na+ (Na-tryp.)
Lipida Control Rb-tryp. Na-tryp. G (kJ/mol)b
StH 1.5 1.5 1.5 0.0
St− 3.5 2.8 2.8 0.5
PtdSer 2.0 1.9 2.0 0.0
PtdCho 1.0 – – 0.0
Data from Arora et al. (1998).
a StH, stearic acid at pH 6.0; St−, stearic acid at pH 9.0; PtdSer, phosphatidylserine; PtdCho, phosphatidylcholine.
b G is the change in interaction free energy resulting from trypsinisation in Na+.
4.3. Trypsinised Na,K-ATPase
Extensive trypsinisation of the Na,K-ATPase, which
removes a large proportion of the cytoplasmic sector of
the protein (Esmann et al., 1994), provides a potential
means to identify those parts of the protein sequence that
contribute to the lipid selectivity. Values of the relative
association constant, Kr/KPCr , for different spin-labelled
Fig. 5. Assumed transmembrane topography of the Na,K-ATPase -subunit using the Ca-ATPase crystal structure (Toyoshima et al., 2000) as
template for sequence alignments. The fragments that remain in the membrane after trypsinisation in the presence of Rb+ are given in green, and the
parts removed by trypsin are given in black. Charged residues in the tryptic fragments (left-hand side), or in the parts removed by trypsin (right-hand
side) are indicated by blue (positive) and red (negative) spheres. Histidine residues are indicated by yellow spheres. The putative location of the
hydrophobic core of the membrane is given in grey. Adapted from Esmann et al. (2006). This figure was prepared using PyMOL (Delano, 2002).
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lipids in control and trypsinised Na,K-ATPase prepara-
tions are given in Table 5. For a given spin-labelled lipid,
the relative affinities are of similar magnitudes in con-
trol and trypsinised preparations. This implies not only
that the intramembranous surface of the Na,K-ATPase
remains largely intact (cf. Table 1), but also that those
regions of the protein at the membrane surface which
contribute to the lipid selectivity are largely preserved on
extensive trypsinisation. Only in the case of stearic acid
in the fully ionised form, which is the lipid that shows
the greatest selectivity for Na,K-ATPase, are significant
differences in selectivity observed between the controlFig. 6. Structures of spin-labelled diphosphatidylglycerol derivatives. From
acyl cardiolipin, 14-acylCLSL.top to bottom: cardiolipin, 14-CLSL; lysocardiolipin, 14-lysoCLSL;
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Table 6
Association constants, Kr/KPCr , referred to spin-labelled phosphatidylcholine, for different spin-labelled cardiolipin analogues interacting with
Na,K-ATPase membranes from Squalus acanthias, in the presence and absence of 0.1 M NaCl
Lipida 0.0 M NaCl 0.1 M NaCl
Kr/K
PC
r G (kJ/mol)b Kr/KPCr G (kJ/mol)b
14-CLSL 5.8 0.0 3.1 0.0
14-lysoCLSL 7.2 −0.5 3.0 0.0
14-acylCLSL 4.9 +0.4 2.7 +0.3
Data from Esmann et al. (1988d).
a 14-CLSL, spin-labelled cardiolipin (Ptd2Gro); 14-lysoCLSL, sn-2 lysocardiolipin; 14-acylCLSL, sn-2′ O-acyl cardiolipin.
b G is the change in interaction free energy resulting from chemical modification of (tetraacyl) cardiolipin.
and trypsinised membranes. In this case, fine structural
changes and the removal of certain critical groups must
contribute to modulation of the selectivity for ionised
stearic acid. Near constancy of the other lipid selectiv-
ities suggests, however, that the primary determinants
of selectivity for the Na,K-ATPase are preserved in the
limit membranes produced by extensive trypsinisation.
Assembly of the transmembrane segments of the
Na,K-ATPase, and in particular the intramembranous
perimeter of the protein, therefore, is largely preserved
on treatment with trypsin. Retention of much of the
native lipid specificity suggests that most of the protein
residues responsible reside in the membrane-bound tryp-
tic fragments (see Fig. 5), and that the arrangement and
orientation of their side chains is largely conserved in the
trypsinised preparations. Positive charge on the extra-
cellular side of the membrane is located exclusively in
the C-terminal 19-kDa fragment, whereas all four trans-
membrane tryptic fragments contribute positive charges
at or near the cytoplasmic membrane surface (see left-
hand side of Fig. 5). These could be sufficient to explain
most of the selectivity for negatively charged lipids in
native membranes. Positively charged residues in the
cytoplasmic part of the -subunit removed by trypsin
that are situated close to the membrane surface (see right-
hand side of Fig. 5) could be responsible for the higher










Table 6 gives the relative association constants for the
different cardiolipin analogues in Na,K-ATPase mem-
branes, at two different salt concentrations (Esmann et
al., 1988d). The three analogues display rather simi-
lar degrees of selectivity and response to salt. There-
fore, the greater number of chains does not appear
to contribute substantially to the pronounced selectiv-
ity of interaction of the tetraacyl phospholipid cardi-
olipin with Na,K-ATPase (cf. also Table 2). This also
means that hydrophobic contributions to the energetics
of lipid–protein interaction with Na,K-ATPase are essen-
tially the same as those for lipid–lipid interactions in the
fluid bilayer regions of the membrane.
Salt partially screens the strong selectivity for car-
diolipin, indicating direct electrostatic contributions to
the interaction of this lipid with Na,K-ATPase. How-
ever, complete removal of the electrostatic charge by
methylating the headgroup phosphates does not reduce
the cardiolipin selectivity to appreciably less than that in
0.1 M NaCl (Esmann et al., 1988d). As for phosphatidic
acid, there are very significant non-electrostatic contri-
butions to the selectivity of interaction of cardiolipin with
Na,K-ATPase.
5. Lipid exchange dynamics
Exchange between lipids at the protein interface and
those in the bulk of the membrane is a significant
dynamic feature of the lipid–protein interactions with theThe spin-labelled cardiolipin (Ptd2Gro) analogues
llustrated in Fig. 6 can be used to explore further features
f the selectivity of lipid interactions with the Na,K-
TPase. Specifically, comparison of cardiolipin with its
yso- and O-acyl derivatives – in which the number of
atty acid chains is varied from 3 to 5 – provides essential
nformation on possible contributions of hydrophobic
nteractions to lipid–protein selectivity.Na,K-ATPase (Arora et al., 1999). The exchange process
is characterised by the on- and off-rate constants τ−1f and
τ−1b , respectively:





for interaction of spin-labelled lipid L* with the protein.
At equilibrium, material balance relates the two rate con-
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Table 7
Lipid exchange off-rate constants, τ−1b , for spin-labelled stearic acid in native Na,K-ATPase membranes from Squalus acanthias at 25
◦C, and in
control membranes and those trypsinised in the presence of Rb+ or Na+
Membranea Kr(L*)/Kr(L*H) τ−1b (L*H) (s−1)a τ−1b (L*) (s−1)a
Native 2.6 4.1 × 106 1.6 × 106
Control 2.3 1.6 × 106 0.7 × 106
Rb-tryps. 1.8 0.9 × 106 0.5 × 106
Na-tryps. 1.9 0.7 × 106 0.5 × 106
Values are presented for protonated stearic acid (L*H) at pH 6.0, and for ionised stearic acid (L*) at pH 9.0. Ratio of association constants,
Kr(L*)/Kr(L*H), of ionised and protonated forms is also given. Data from Arora et al. (1999).
a Taking a value of T 01,f = 0.44s.
stants to the respective populations:
(1 − f )τ−1f = fτ−1b (7)
where f is the fraction of lipid that is associated with the
protein. The quantity of interest is the off-rate, τ−1b . This
represents the intrinsic rate for one-to-one exchange at
the lipid–protein interface, whereas the on-rate is diffu-
sion controlled and its effective value τ−1f is dependent
on the relative population, (1 − f)/f, of fluid lipids.
Because the lipid exchange rates are slow, relative to
the dynamic sensitivity of the spin-label lineshapes, it is
necessary to exploit the saturation properties of the ESR
spectrum (see Marsh et al., 1998). These are determined
by the nitroxide spin-lattice relaxation time (T1) that lies
typically in the microsecond time regime. The increase
in spin-lattice relaxation rate of the protein-interacting
lipids that is caused by exchange with the fluid lipid








1 + T 01,fτ−1f
(8)
where T 01,b and T 01,f are the spin-lattice relaxation times
of the motionally restricted and fluid spin-labelled lipids,
respectively, in the absence of exchange. It is thus possi-
ble to determine the intrinsic off-rates, τ−1b , from pro-
gressive saturation ESR measurements (Arora et al.,
1999). Table 7 gives values for the exchange rates of
both protonated (L*H) and charged (L*) forms of stearic
acid in native Na,K-ATPase membranes. Data are also
ably slower than those in native membranes. This differ-
ence, in common with the controls, is attributed to time-
and temperature-dependent changes taking place in the
membranes during the incubation procedure needed for
trypsinisation (cf. Esmann et al., 1987).
Exchange rates are faster for the protonated fatty acid
than for the ionised fatty acid, in all cases (see Table 7).
This directly reflects the selectivity of the ionised over
the protonated species in association of fatty acids with
the Na,K-ATPase (cf. Table 4). From Eqs. (2) and (7),
an inverse relation is obtained between the lipid off-rates







which is consistent with the data presented in Table 7.
From the complete range of ESR studies in Arora et al.
(1999), it is found that the lipid chains directly contacting
the Na,K-ATPase have temperature-dependent, submi-
crosecond segmental motions, and that these first-shell
lipid molecules exchange with the bulk membrane lipids
on the microsecond timescale. These essential features
of the dynamics of the lipid–protein interaction with the
Na,K-ATPase are largely preserved on removal of the
extramembranous portions of the protein by extensive
trypsinisation.
6. Conclusionincluded for membranes extensively trypsinised in the
presence of either Rb+ or Na+, together with controls.
The results in Table 7 indicate that lipids at the
intramembranous surface of the Na,K-ATPase exchange
continuously with those in the bulk regions of the mem-
brane, on the spin-lattice relaxation timescale of spin-
labelled lipids, i.e., in the microsecond regime. Lipid
exchange rates in the trypsinised membranes are not
very much slower than those in the corresponding control
membranes (see Table 7). They are, however, consider-This review has concentrated on the fascinating bio-
physical aspects of lipid–protein interactions with the
Na,K-ATPase. Nevertheless, these results are not without
their functional correlates. Lipid dynamics are essen-
tial to enzymatic function (Johannsson et al., 1981;
Cornelius, 2001). Anionic phospholipids are necessary
for efficient reconstitution (Cornelius and Skou, 1984).
A minimum number of phospholipids must be retained to
support full activity of the solubilised enzyme (Esmann,
1984). Free fatty acids, which display a selectivity for
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the Na,K-ATPase (see Table 2), which also specifi-
cally inhibit the enzyme (Ahmed and Thomas, 1971),
whereas phosphatidylserine stabilises the solubilised
enzyme (Hayashi et al., 1989; Shinji et al., 2003).
References
Ahmed, K., Thomas, B.S., 1971. The effects of long chain fatty acids
on sodium plus potassium ion-stimulated adenosine triphosphatase
of rat brain. J. Biol. Chem. 246, 103–109.
Arora, A., Esmann, M., Marsh, D., 1998. Selectivity of lipid–protein
interactions with trypsinized Na,K-ATPase studied by spin-label
EPR. Biochim. Biophys. Acta 1371, 163–167.
Arora, A., Esmann, M., Marsh, D., 1999. Microsecond motions of
the lipids associated with trypsinized Na,K-ATPase membranes.
Progressive saturation spin-label electron spin resonance studies.
Biochemistry 38, 10084–10091.
Brotherus, J.R., Griffith, O.H., Brotherus, M.O., Jost, P.C., Silvius,
J.R., Hokin, L.E., 1981. Lipid–protein multiple binding equilibria
in membranes. Biochemistry 20, 5261–5267.
Cevc, G., Marsh, D., 1987. Phospholipid Bilayers. Physical Principles
and Models. Wiley-Interscience, New York.
Cevc, G., Watts, A., Marsh, D., 1980. Non-electrostatic contribution to
the titration of the ordered-fluid phase transition of phosphatidyl-
glycerol bilayers. FEBS Lett. 120, 267–270.
Cevc, G., Watts, A., Marsh, D., 1981. Titration of the phase transition
of phosphatidylserine bilayer membranes. Effects of pH, surface
electrostatics, ion binding and headgroup hydration. Biochemistry
20, 4955–4965.
Cornelius, F., 2001. Modulation of Na,K-ATPase and Na-ATPase activ-
ity by phospholipids and cholesterol. I. Steady-state kinetics. Bio-
chemistry 40, 8842–8851.
Cornelius, F., Skou, J.C., 1984. Reconstitution of (Na+ + K+)-ATPase









Esmann, M., Karlish, S.J.D., Sottrup-Jensen, L., Marsh, D., 1994.
Structural integrity of the membrane domains in extensively
trypsinized Na,K-ATPase from shark rectal glands. Biochemistry
33, 8044–8050.
Esmann, M., Marsh, D., 1985. Spin-label studies on the origin of
the specificity of lipid–protein interactions in Na+,K+-ATPase
membranes from Squalus acanthias. Biochemistry 24, 3572–
3578.
Esmann, M., Watts, A., Marsh, D., 1985. Spin-label studies of
lipid–protein interactions in (Na+,K+)-ATPase membranes from
rectal glands of Squalus acanthias. Biochemistry 24, 1386–
1393.
Hayashi, Y., Mimura, K., Matsui, H., Takagi, T., 1989. Minimum
enzyme unit for Na+/K+-ATPase is the -protomer. Determina-
tion by low-angle laser light scattering photometry coupled with
high-performance gel chromatography for substantially simulta-
neous measurement of ATPase activity and molecular weight.
Biochim. Biophys. Acta 983, 217–229.
Horva´th, L.I., Brophy, P.J., Marsh, D., 1988. Influence of lipid
headgroup on the specificity and exchange dynamics in
lipid–protein interactions. A spin label study of myelin pro-
teolipid apoprotein–phospholipid complexes. Biochemistry 27,
5296–5304.
Horva´th, L.I., Brophy, P.J., Marsh, D., 1993. Exchange rates at the
lipid–protein interface of the myelin proteolipid protein determined
by saturation transfer electron spin resonance and continuous wave
saturation studies. Biophys. J. 64, 622–631.
Horva´th, L.I., Drees, M., Beyer, K., Klingenberg, M., Marsh, D., 1990.
Lipid–protein interactions in ADP-ATP carrier/egg phosphatidyl-
choline recombinants studied by spin-label ESR spectroscopy.
Biochemistry 29, 10664–10669.
Johannsson, A., Smith, G.A., Metcalfe, J.C., 1981. The effect of bilayer
thickness on the activity of (Na+ + K+)-ATPase. Biochim. Biophys.
Acta 641, 416–421.
Marsh, D., 1985. ESR spin label studies of lipid–protein interactions.
Biochim. Biophys. Acta 772, 357–373.
elano, W.L., 2002. PyMOL Molecular Graphics System,
http://www.pymol.sourceforge.net (online).
smann, M., 1984. The distribution of C12E8-solubilized oligomers
of the Na+ + K+-ATPase. Biochim. Biophys. Acta 787, 81–89.
smann, M., Arora, A., Maunsbach, A.B., Marsh, D., 2006. Struc-
tural characterization of Na,K-ATPase from shark rectal glands by
extensive trypsinization. Biochemistry 45, 954–963.
smann, M., Hideg, K., Marsh, D., 1988a. Novel spin labels for
the study of lipid–protein interactions. Application to (Na+,K+)-
ATPase membranes. Biochemistry 27, 3913–3917.
smann, M., Hideg, K., Marsh, D., 1988b. A revised boundary lipid
count for Na,K-ATPase from Squalus acanthias. In: Skou, J.C.,
Norby, J.G., Maunsbach, A.B., Esmann, M. (Eds.), The Na+,K+-
Pump, Part A: Molecular Aspects. Progress in Clinical and Bio-
logical Research, vol. 268A. Alan Liss, New York, pp. 189–196.
smann, M., Marsh, D., Schwarzmann, G., Sandhoff, K., 1988c.
Ganglioside–protein interactions: spin-label electron spin reso-
nance studies with (Na+,K+)-ATPase membranes. Biochemistry
27, 2398–2403.
smann, M., Powell, G.L., Marsh, D., 1988d. Spin label studies on
the selectivity of lipid–protein interaction of cardiolipin analogues
with the Na+/K+-ATPase. Biochim. Biophys. Acta 941, 287–292.
smann, M., Horva´th, L.I., Marsh, D., 1987. Saturation-transfer elec-
tron spin resonance studies on the mobility of spin-labeled sodium
and potassium ion activated adenosinetriphosphatase in mem-
branes from Squalus acanthias. Biochemistry 26, 8675–8683.In: Watts, A., de Pont, J.J.H.H.M. (Eds.), Progress in Protein–Lipid
Interactions, vol. 1. Elsevier, Amsterdam, pp. 143–172.
Marsh, D., 1987. Selectivity of lipid–protein interactions. J. Bioenerg.
Biomembr. 19, 677–689.
Marsh, D., 1988. Lipid selectivity and integral protein structure. In:
Pifat-Mrzljak, G. (Ed.), Supramolecular Structure and Function.
Dubrovnik, Yugoslavia, September 16–28, 1987. World Scientific
Publishing Co., Singapore, pp. 82–108.
Marsh, D., 1990. Handbook of Lipid Bilayers. CRC Press, Boca Raton,
FL.
Marsh, D., 1993. The nature of the lipid–protein interface and the influ-
ence of protein structure on protein–lipid interactions. In: Watts,
A. (Ed.), New Comprehensive Biochemistry, Protein–Lipid Inter-
actions, vol. 25. Elsevier, Amsterdam, pp. 41–66.
Marsh, D., 1995. Specificity of lipid–protein interactions. In: Lee, A.G.
(Ed.), Biomembranes. JAI Press, Greenwich, CT, pp. 137–186.
Marsh, D., 1997. Stoichiometry of lipid–protein interaction and inte-
gral membrane protein structure. Eur. Biophys. J. 26, 203–208.
Marsh, D., Horva´th, L.I., 1989. Spin-label studies of the structure and
dynamics of lipids and proteins in membranes. In: Hoff, A.J. (Ed.),
Advanced EPR. Applications in Biology and Biochemistry. Else-
vier, Amsterdam, pp. 707–752.
Marsh, D., Horva´th, L.I., 1998. Structure, dynamics and composi-
tion of the lipid–protein interface. Perspectives from spin-labelling.
Biochim. Biophys. Acta 1376, 267–296.
Marsh, D., Pa´li, T., Horva´th, L.I., 1998. Progressive saturation and
saturation transfer EPR for measuring exchange processes and
104 M. Esmann, D. Marsh / Chemistry and Physics of Lipids 141 (2006) 94–104
proximity relations in membranes. In: Berliner, L.J. (Ed.), Bio-
logical Magnetic Resonance, Spin Labeling. The Next Millenium,
vol. 14. Plenum Press, New York, pp. 23–82.
Marsh, D., Watts, A., 1982. Spin-labeling and lipid–protein inter-
actions in membranes. In: Jost, P.C., Griffith, O.H. (Eds.),
Lipid–Protein Interactions, vol. 2. Wiley-Interscience, New York,
pp. 53–126.
Marsh, D., Watts, A., Knowles, P.F., Pates, R.D., Uhl, R., Esmann,
M., 1982. ESR spin label studies of lipid protein interactions in
membranes. Biophys. J. 37, 265–274.
Miyazaki, J., Hideg, K., Marsh, D., 1992. Interfacial ionization and
partitioning of membrane-bound local anaesthetics. Biochim. Bio-
phys. Acta 1103, 62–68.
Powell, G.L., Knowles, P.F., Marsh, D., 1987. Spin label studies on the
specificity of interaction of cardiolipin with beef heart cytochrome
oxidase. Biochemistry 26, 8138–8145.
Rama Krishna, Y.V.S., Marsh, D., 1990. Spin label ESR and 31P-NMR
studies of the cubic and inverted hexagonal phases of dimyris-
toylphosphatidylcholine/myristic acid (1:2, mol/mol) mixtures.
Biochim. Biophys. Acta 1024, 89–94.
Robinson, R.A., Stokes, R.H., 1955. Electrolyte Solutions. Butter-
worths, London.
Shinji, N., Tahara, Y., Hagiwara, E., Kobayashi, T., Mimura, K.,
Takenaka, H., Hayashi, Y., 2003. ATPase activity and oligomer-
ization of solubilized Na+/K+-ATPase maintained by synthetic
phosphatidylserine. Ann. N. Y. Acad. Sci. 986, 235–237.
Silvius, J.R., McMillen, D.A., Saley, N.D., Jost, P.C., Griffith, O.H.,
1984. Competition between cholesterol and phosphatidylcholine
for the hydrophobic surface of sarcoplasmic reticulum Ca2+-
ATPase. Biochemistry 23, 538–547.
Thomas, D.D., Bigelow, D.J., Squier, T.J., Hidalgo, C., 1982. Rota-
tional dynamics of protein and boundary lipid in sarcoplasmic
reticulum membrane. Biophys. J. 37, 217–225.
Toyoshima, C., Nakasako, M., Nomura, N., Ogawa, H., 2000. Crystal
structure of the calcium pump of sarcoplasmic reticulum at 2.6 A˚
resolution. Nature 405, 647–655.
